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A B S T R A C T   

The combination of three-dimensional (3D) printing technologies and microwave (MW) sintering offers new 
perspectives for minimizing material, energy and time waste. This study aimed at conducting a parametric study 
on the sintering of robocast porcelain by conventional and MW heating in a multimode cavity (2.45 GHz, 3 kW). 
The effect of heating rate, dwell temperature and dwell duration on sample density, shrinkage and micro
structure was investigated on small pellets. With conventional heating, a good densification was achieved with a 
2 h dwell at 1250 ◦C, independent of heating rate (1–20 ◦C/min). A similar density was reached using microwave 
hybrid heating at a much higher heating rate (100 ◦C/min), shorter dwell (30 min) and slightly higher sintering 
temperature (1300 ◦C). Without susceptor, a longer pre-heating step was required to initiate the sample heating, 
thus extending the heat treatment duration. This study provides seeding data for the development of greener 
processes for aluminosilicate ceramic manufacturing.   

1. Introduction 

The minimization of materials, energy and time waste is the key 
paradigm in production processes with growing pressure due to envi
ronmental and social concerns. In the case of ceramics, this applies to all 
production steps, spanning the technologies used to produce the green 
body, the sintering process and the post-processing techniques used to 
obtain the final shape. Toward this aim, the association of three- 
dimensional (3D) printing technologies (robocasting, stereo
lithography) with microwave (MW) sintering is particularly interesting 
and has been used to produce hydroxyapatite [1,2], tricalcium phos
phate [3] and alumina [4] scaffolds. On one hand, three-dimensional 
printing technologies help minimizing the waste of material and time, 
especially for the fabrication of complex shapes. On the other hand, 
microwave heating offers the possibility to achieve higher heating rates, 
reduced processing times and lower energy consumption compared to 
conventional heating [5–8]. 

Since the 1980s, different 3D printing processes have been specif
ically developed for ceramic manufacturing [9]. Among them, robo
casting or direct ink writing is a 3D printing process where a highly 
loaded ceramic paste is extruded through a nozzle at ambient temper
ature [10]. Ceramic paste for robocasting must exhibit a shear thinning 
behaviour to be extruded and a sufficient yield stress to support the 

following layer [11]. A wide range of ceramic pastes have been devel
oped, especially with technical ceramics such as alumina [12–14], zir
conia [15,16] and calcium phosphate [17,18]. In these cases, the 
appropriate rheological behavior is obtained by preparing a highly 
loaded ceramic slurry with a controlled amount of adapted organic 
additives [19]. For further details, extensive reviews about recent ad
vances in additive manufacturing of ceramics can be found here [9,20]. 
In comparison, 3D printing processes have been less studied concerning 
traditional ceramics. Of note, the adjustment of the rheological behavior 
can be easier for clay-based materials, such as porcelain. Porcelain 
starting powders contain three main components: (i) plastic raw mate
rials (clay and kaolin), (ii) fillers (quartz) and (iii) fluxing agents (feld
spar) [21,22]. When mixed with water, these powders form a paste with 
a certain plasticity. The rheological behavior of the paste can be adjusted 
by simply modifying the amount of water in the paste, without the need 
of organic additives [23]. Hence, a debinding step is not required, thus 
simplifying the firing process. 

While in conventional sintering, a sample is heated by irradiation 
from the heating elements placed inside the oven, with microwave 
sintering it is possible to achieve bulk heating of the sample. As a result, 
in processes based on conventional heating, heat losses become 
increasingly important with temperature increase, while in MW based 
technologies there is an opposite trend since the dielectric loss tangent 
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increases with temperature for most materials. Hence, since several 
decades MW technology has been applied to a broad range of materials. 
In the case of ceramics it offers several advantages over conventional 
heating, such as a finer, more uniform microstructure, a higher densi
fication and improved mechanical properties compared to conventional 
heating [24–26]. The dielectric properties of a material determine its 
ability to interact with microwaves and be heated [27]. Materials that 
possess a high dielectric loss tangent at room temperature (e.g. silicon 
carbide) can be readily heated at low temperatures. Conversely, mate
rials with a low dielectric loss tangent at room temperature (e.g. 
alumina, porcelain) are difficult to heat at low temperatures. In this case, 
a microwave coupling susceptor (i.e. a material with a high dielectric 
loss tangent at room temperature, like silicon carbide) is added to the 
microwave cavity to support the sample heating [26,27]. As a result, the 
sample is heated both by heat irradiation from the susceptor and by 
microwave bulk heating of the sample itself, leading to what is referred 
as “hybrid microwave heating”. Beside poor heating at low tempera
tures, another issue that is sometimes observed with microwave heating 
is temperature runaway (i.e. localized uncontrolled overheating of the 
sample), which has been observed with zirconia whose loss tangent 
increases with temperature [28]. The use of a susceptor helps mini
mizing this issue as it considerably reduces the heating gradient inside 
the sample (higher temperature inside the sample than on its surface) 
[29]. 

Several transformations occur during the firing process of porcelain: 
clay dihydroxylation (~450–600 ◦C), alpha-beta quartz phase trans
formation (~573 ◦C), mullite formation (>940 ◦C), glass formation by 
feldspar melting (~950–1050 ◦C depending on the composition), quartz 
dissolution (>1200 ◦C). These phase transformations lead to an evolu
tion of the dielectrical properties of the material during the firing pro
cess (with an increase of tangent loss with temperature [30]), making 
porcelain an appealing material to investigate MW heating processes. 
Following sintering, mullite, quartz and a vitreous amorphous phase are 
formed. It is worth noting that different types of mullite can be formed: 
type I primary mullite, characterized by a small, low aspect ratio (<3) 
crystals, are found in clay relicts, and type II and type III secondary 
mullite, with higher aspect ratio (3–10 and > 10, respectively), found in 
feldspar-penetrated clay relicts [31]. Due to the complexity of porcelain 
composition (three main components, but also a number of minor con
stituents) and phase transformations, a good control of the sintering 
process (heating rate, dwell temperature, duration, susceptor) is 
particularly important to achieve optimal densification. The vitreous 
phase plays a critical role in the process of porcelain firing, especially in 
the case of very fast firing cycles. Indeed, this predominant phase con
trols the viscous flow sintering [32,33] and has a strong impact on the 
sintered porcelain final properties. 

Previous studies have demonstrated the suitability of MW for fast 
sintering of porcelain. Already in 2007, Menezes et al. have fired sani
tary, dental and electrical uniaxially-pressed porcelain in less than 35 
min (excluding the cooling step) using a hybrid multimode microwave 
heating [34]. The final density and flexural strength of the 
microwave-sintered samples were comparable to the ones of samples 
conventionally fired in ~5 h. More recently, Lerdprom et al. observed 
that the viscous phase formation and sintering temperatures were lower 
(by > 100 ◦C and by ~75 ◦C, respectively) for porcelain sintered in a 
hybrid monomode microwave setup compared to conventional sintering 
[30]. In another study, Santos et al. have successfully fired series of 
relatively large objects (tableware) using an optimized hybrid micro
wave setup, paving the way for the scaling-up of this fast sintering 
process [35]. However, to the authors’ best knowledge, there is up to 
now no parametric study on the high-speed microwave sintering of 
robocast porcelain. Hence, the goal of the present study was to conduct a 
parametric study on the sintering of robocast porcelain pellets by con
ventional and by microwave sintering in a multimode cavity, with and 
without a silicon carbide susceptor. 

2. Materials and methods 

An overview of the experimental design is provided in Fig. 1. Briefly, 
sample design was adjusted to robocast small cylinders with 100% 
filling. Thermal cycles were optimized to achieve maximal densification 
either using conventional heating (at low heating rates, up to 20 ◦C/ 
min) or microwave heating (at high heating rates, up to 100 ◦C/min). 
The details of the investigated thermal cycles (heating rate, dwell tem
perature and duration) are reported in Table 1. The density, shrinkage 
behavior and microstructure of the samples were investigated. 

2.1. Sample design and 3D printing 

A regular commercial Limoges porcelain formulation (PT010B, 
Ceradel) was chosen for this study. This porcelain is already provided in 
plastic form (initial water content ~20 wt%), but additional deionized 
water was added to obtain an adequate consistency for 3D printing (final 
optimized water content ~24.5 wt%). A custom-made penetrometer was 
used to assess paste consistency and minimize batch-to-batch variations. 
The sample was printed using a 3D printer suitable for clay-based ma
terials (Delta WASP 2040 clay, WASP). This 3D printing apparatus 
consisted of a 3D printer, an air compression system, a reservoir for the 
paste and a pressure regulator. The paste was introduced in the reservoir 
and supplied to the extruder of the 3D printer using a pressure of 4 - 5 
bars. 

In preliminary tests some sagging was observed. The sagging was 
reduced by increasing the layer height and by modifying the sample 
design. This involved the use of an inverted truncated cone with a 5◦

angle, which led to a cylinder following sagging. Printing conditions 
were optimized and cylinders were printed with using the following 
conditions: nozzle size 1.2 mm, layer height 1.2 mm, pressure 4 bars, 
printing speed 15 mm/s, 100% filling with a concentric pattern. Ob
servations with an optical microscope of the printed samples validated 
the choice of this truncated cone design to obtain cylinders. The samples 
prepared by 3D printing were reproducible in size and shape. The 
amount of porcelain paste deposited was similar for all samples, as 
attested by the relatively small mass variations of the dried samples 
(~3% for both sample sizes). 

Two sets of samples were printed: cylinders 7 mm base and 7.2 mm 
height for dilatometry using conventional sintering and cylinders 10 mm 
base and 4.8 mm height for dilatometry using microwave sintering. This 
difference of dimensions is related to the devices used to sinter the 
samples (sample holder in conventional dilatometers and sintering cells 
for MW sintering, see subsection 2.4 for further details). Such small 
samples are sometimes named “pellets” in other studies. Following 
robocasting, samples were dried at ambient conditions until further use. 
Samples were weighted and measured with a caliper after (i) printing 
and drying at ambient conditions, (ii) after sanding with SiC ground 
papers (P400, 35 μm) (when required) and (iii) after sintering. 

2.2. Characterization of the powders 

A robocast porcelain sample was dried and crushed using a mortar 
and pestle. The porcelain powder was characterized by thermogravi
metric analysis and differential thermal analysis with a TGA Q50 ana
lyser, equipped with an EGA furnace (TA Instruments) at a heating rate 
of 10 ◦C/min from room temperature to 1400 ◦C under a 150 mL/min 
nitrogen flow (after a purging step). 

2.3. Conventional sintering 

A series of sintering tests were carried out to find the optimal pa
rameters to densify the samples. Based on the manufacturer’s datasheet 
and the recent study by Ref. [36], the optimal sintering temperature was 
expected to be close to ~1250 ◦C. Hence, this temperature and a slightly 
above one (1300 ◦C) were investigated in this study. Two dwell 
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temperatures (1250 and 1300 ◦C), four heating rates (1, 5, 10 and 
20 ◦C/min) and two dwell duration (5 and 120 min) were tested. 
Cooling was always performed at 10 ◦C/min. 

The axial shrinkage during sintering was followed with a contact 
dilatometer (Setaram Setsys 16/18) (load = 5 g), equipped with a K-type 
thermocouple placed a few centimeters from the sample and using 
compressed air as carrier gas. The top surface of the samples was sanded 
to ensure that the two bases of the cylinder were parallel and with good 
contact to the displacement sensor (the opposite side of the sample did 
not require sanding since it was in contact with the support used for 3D 
printing). 

2.4. Microwave sintering 

Microwave sintering was conducted in a multimode parallepipedic 
cavity operated at 2.45 GHz and equipped with standard elements of a 
microwave setup. Microwaves are produced by a magnetron powered 
with a 3 kW generator (GMP 30KSM 56 T208 FST 3 IR, Sairem, France). 
A detailed description of the cavity design and its use is provided in Refs. 
[37,38]. The samples were placed inside a sintering cell, which was 
described in Ref. [38]. This cell was made of plates of thermal insulators 
(Rath®, which is made of insulating aluminosilicate fibers). A silicon 
carbide ring (outer diameter = 48 mm and inner diameter = 30 mm) was 
used as a susceptor and separated from the sample using a low dielectric 
loss ceramic tube (external diameter = 26 mm and internal diameter =
20 mm) [38]. A series of sintering tests using this sintering cell were 
carried out to find the optimal parameters to densify the samples. The 
dwell temperature was fixed at 1300 ◦C, and heating rates from 20 to 
100 ◦C/min and dwell duration from 5 to 30 min were tested. The mi
crowave generator was switched off at the end of the dwell time leading 
to natural cooling of the samples. Temperature was measured using a 
bichromatic infrared pyrometer (Lumasense Technology) placed at 40 
cm from the sample. This pyrometer is sensitive to the wavelength 

between 2 and 2.5 μm and works in the 250–1800 ◦C temperature range. 
The emissivity ratio was set to 1. Further details about the experimental 
setup can be found in Refs. [38–40]. A PID feedback loop was used to 
control the incident power required to achieve the targeted heating rate. 
A Labview interface was used to record the temperature, microwave 
powers (incident, absorbed and reflected) and images of the sample 
surface. Selected cycles were also conducted without susceptor to 
investigate microwave/material interactions. 

2.5. Characterization of the sintered samples 

The density of the sintered samples was measured using the Archi
medes’ method with absolute ethanol. The anisotropy coefficient α was 
calculated on samples (with sanded lateral surface for a more precise 
assessment of the diameter) to allow comparison of the shrinkages in 
MW and conventional sintering: 

α=
df − di

di
⋅

hi

hf − hi  

where df and di stand for final and initial diameter, and hf and hi stand for 
final and initial height, respectively. 

An X-ray diffractometer (X’Pert Pro MPD) with a goniometric radius 
of 240 mm, copper anticathode at 45 kV and 40 mA was used with a 
linear detector in scanning mode to perform a screening of the green 
bodies and sintered samples. A 2θ range from 5 to 67◦ with a step size of 
0.02◦ and counting time of 250 s/step was used. PANalytical HighScore 
software equipped with the ICDD PDF-4+ database was used for data 
interpretation. 

The microstructures were observed using a scanning electronic mi
croscopy (SEM, JEOL 6500F). Before observation, samples were cut, 
polished down to 1 μm diamond suspension and etched for 3 min in a 5% 
HF solution as described by Iqbal et al. [31]. Following gold sputter 
coating, samples were imaged at an accelerating voltage of 20 kV with 
backscattered electrons to detect the different phases. 

3. Results 

3.1. Characterization of the porcelain powders 

In the TGA-DTA analysis, a mass loss of ~0.5% was observed at 
~200 ◦C, corresponding to the evaporation of physically-bound water. 
The strongest mass loss occurred between 450 and 700 ◦C (at 700 ◦C the 
overall mass loss was ~7.2%), which was attributed to clay dehydrox
ylation (i.e. transformation of kaolinite to meta-kaolinite and decom
position of chemically-bound water) (Fig. 2). This mass loss was 
associated with an endothermic peak at 545 ◦C. The mass loss was 
minimal at temperatures >700 ◦C (overall mass loss was ~7.4% at 
1300 ◦C). An exothermic peak was observed at 990 ◦C, which was 
associated to the formation of mullite from metakaolin. 

3.2. Influence of thermal cycle parameters on the final density of robocast 
porcelain 

Final density was used as an indicator for thermal cycle optimization. 

Fig. 1. Schematic view of the study design.  

Table 1 
Overview of the thermal cycles used to sinter robocast porcelain pellets by 
conventional and microwave heating (with and without SiC susceptor). The 
effect of heating rate, temperature and duration of the sintering dwell on the 
final density of robocast porcelain is reported.  

Sintering type Cycle 
(n.) 

Heating rate 
(◦C/min) 

T dwell 
(◦C) 

t dwell 
(min) 

Density 
(g/cm3) 

Conventional 1 1 1250 120 2.36 
2 5 1250 120 2.37 
3 10 1250 120 2.36 
4 20 1250 120 2.37 
5 20 1250 5 2.30 
6 20 1300 5 2.34 
7 20 1300 30 2.23 

Microwave with 
SiC 

8 20 1250 5 2.22 
9 20 1300 5 2.37 
10 50 1300 5 2.29 
11 50 1300 30 2.36 
12 100 1300 30 2.36 

Microwave 
without SiC 

13 20 1300 5 2.28 
14 50 1300 5 1.79 
15 50 1300 30 2.37  
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The effect of the thermal cycle parameters (heating rate, dwell tem
perature and duration, susceptor) on the final density of robocast por
celain pellets was investigated with the goal of minimizing the duration 
of the thermal cycle. At first, a screening at low heating rates (up to 
20 ◦C/min) was conducted using conventional sintering. This served as a 
starting point for the optimization of the thermic cycle at higher heating 
rates (20–100 ◦C/min) using microwave hybrid heating. Finally, 
selected thermal cycles were also tested using microwave heating 
without SiC susceptor. 

In conventional sintering, the heating rate (1–20 ◦C/min) did not 
affect the final density of the robocast porcelain samples (2.36–2.37 g/ 
cm3) under the chosen experimental conditions (dwell at 1250 ◦C for 
120 min) (Table 1). As a next step, a reduction in dwell duration (from 
120 to 5 min) was investigated for the highest heating rate, which led to 
a decrease in final density (2.30 g/cm3). An increase in dwell temper
ature from 1250 to 1300 ◦C was not sufficient to achieve maximal 
density and an extension of the dwell duration at 1300 ◦C (from 5 to 30 
min) led to a further decrease in final density (2.23 g/cm3), suggesting 
that the optimal sintering conditions were surpassed. It should be noted 
that “overfiring” is quite common in traditional ceramics; it is typically 
associated to an increase of the gas pressure in closed pores, or to the 
reduction of Fe3+ impurities. 

In microwave sintering with SiC susceptor, fast heating rates were 
explored including 20, 50 and 100 ◦C/min. Since it is well-known that 
dwell durations can be shortened using fast heating [34], a short dwell 
duration was chosen (5 min) and tested at 20 ◦C/min to allow com
parison with the thermic cycles performed using conventional heating. It 
was found that a high densification (2.37 g/cm3) could be achieved, but 
the dwell temperature had to increased to 1300 ◦C (Table 1). As a next 
step to reduce the duration of the sintering cycle, higher heating rates 
(50 ◦C and 100 ◦C/min) were investigated. It was found that a longer 
dwell time (30 instead of 5 min) was beneficial to achieve good 

densification (2.36 g/cm3). 
In microwave sintering without SiC, a lower density was obtained 

than with SiC for the thermic cycles with a short dwell duration (5 min). 
This was particularly evident at 50 ◦C/min, whereby the density ob
tained with and without SiC was 2.29 and 1.79 g/cm3, respectively. Of 
note, increasing the dwell time from 5 to 30 min led to a good densifi
cation at 50 ◦C/min even without SiC. 

3.3. Influence of thermal cycle parameters on the shrinkage behavior of 
robocast porcelain 

In conventional heating, both the temperature corresponding to the 
formation of mullite and silica glass from metakaolin and the tempera
ture corresponding to maximum densification rate increased with 
increasing heating rate (Fig. 3). At the lowest heating rate (1 ◦C/min), 
most of the shrinkage occurred before the beginning of the sintering 
dwell, while with increasing heating rate, an increasing portion of 
shrinkage took place during the sintering dwell (Fig. 3a). The height of 
the shrinkage rate peak was inversely correlated to the heating rate 
(Fig. 3b). The shrinkage in the x and y direction (parallel to the substrate 
used for 3D printing) was ~11.2%, while the shrinkage in the z direction 
(perpendicular to the substrate used for 3D printing) was ~16.1%. The 
anisotropy coefficient was 0.68 for the samples with the highest density, 
independent of the type of heating (conventional or MW). 

In the case of high-speed (20–100 ◦C/min) microwave sintering with 
a susceptor, the metakaolin transformation temperature increased with 
the heating rate (Fig. 4), similarly to what has been observed at lower 
heating rates in conventional heating (Fig. 3). In the absence of a sus
ceptor, the shrinkage curves appear shifted toward higher temperatures. 
As a result, while with SiC most of the densification occurred prior the 
dwell at 1300 ◦C, without SiC most of the densification occurred during 
the dwell. 

Fig. 2. Thermogravimetric (TGA) and differential thermal analysis (DTA) from 
20 to 1400 ◦C at a scanning speed of 10 ◦C/min. 

Fig. 3. Effect of the heating rate (1, 5, 10 and 20 ◦C/min) on the dilatometry curves obtained during conventional heating of robocast porcelain: a) shrinkage and b) 
shrinkage rate. Note the shift of the shrinkage curves toward higher temperatures with increasing heating rate, and the increase in magnitude and shift toward higher 
temperatures of the main peak in the shrinkage rate curves. 

Fig. 4. Evolution of robocast porcelain pellet diameter during microwave 
heating with and without SiC (“w/o SiC”). The dwell duration was 30 min for 
all cycles, except the one at 20 ◦C/min for which the dwell duration was 5 min. 
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3.4. Role of the susceptor on microwave absorption by robocast porcelain 

While the heating ramp (50 ◦C/min) could be easily followed in the 
presence of a susceptor, an extensive step-wise pre-heating phase was 
required to heat porcelain without susceptor (Fig. 5a). In fact, the tar
geted heating rate could only be followed from ~600 ◦C, which affected 
both the amount of incident power required (900 W versus 1450 W for 
the cycle with and without SiC, respectively) and the duration of the 
thermic cycle (from 56 to 86 min) (for a heating rate at 50 ◦C/min, dwell 
at 1300 ◦C for 30 min) (Fig. 5b). Of note, in the presence of SiC the 
incident power gradually increased with temperature increase, while 
without SiC the maximum incident power (that could be used without 
creating electric arcs, here 1450 W) was required to heat the sample 
until ~850 ◦C, after which the required incident power gradually 
decreased with increasing temperature (Fig. 5c). At the end of the 
heating ramp (at 1300 ◦C), the required incident power was similar with 
and without SiC (~1000 W). 

The incident, absorbed and reflected power curves showed strong 
differences with and without susceptor. With susceptor, the incident and 
absorbed powers gradually increased with temperature and the amount 
of reflected power was relatively low ~300 W (Fig. 5d). Without sus
ceptor, the incident and absorbed powers showed a marked decrease 
starting from ~850 ◦C and the reflected power was relatively high 
(600–700 W) (Fig. 5e). The proportion of absorbed power was higher 
when SiC was used (~70% with SiC and ~50% without SiC) (Fig. 5 f). 
The effect of an increase in material amount inside the microwave cavity 
on the coupling with MW was investigated by placing two samples in 
contact to each other. This increased the proportion of absorbed power 

(Fig. 5 f), but not the final density of the samples (e.g. 1.60 g/cm3 with 
two samples and 1.76 g/cm3 with one sample). 

3.5. Influence of the thermal cycle on the microstructure of robocast 
porcelain 

At low magnification, no major differences were observed in pore 
amount, pore size and types of phases across the selected samples 
(Suppl. Fig.1). At high magnification, mullite crystals of different aspect 
ratio were observed (Fig. 6). Following sintering at low heating rate 
(20 ◦C/min) only type I and II mullite were observed (Fig. 6a and b), 
while with microwave sintering at higher heating rates also type III 
mullite (aspect ratio >10) was observed (Fig. 6c–f). The amount of type 
III mullite appeared highest for samples sintered using microwave 
heating without susceptor (Fig. 6f). 

3.6. Influence of the thermal cycle on the composition of robocast 
porcelain 

Quartz, clay minerals (kaolinite, illite, muscovite) and microcline 
KAlSi3O8 were the main phases identified in the porcelain starting 
powders by XRD analysis (Fig. 7a and b). Following sintering, mullite, 
residual quartz and an amorphous glass were observed in all samples. 
Similar XRD diffractograms were observed for all the investigated 
thermal treatments. 

Fig. 5. Role of SiC susceptor, heating rate and 
sample volume on incident, absorbed and reflected 
powers during microwave heating of robocast por
celain. In panels a–e, data from the heating cycle at 
50 ◦C/min with a single sample in the microwave 
cavity are represented. a) incident power over time, 
b) temperature over time, c) incident power over 
temperature, d) evolution of powers with SiC, e) 
evolution of powers without SiC, f) mean proportion 
of absorbed power at different heating rates with 
and without SiC.   
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4. Discussion 

In this study, a parametric study was conducted in order to identify 
optimal sintering conditions for robocast porcelain samples using MW 
and conventional heating. 

When comparing the characteristics of the samples obtained by MW 
and conventional heating, similar maximal densities could be achieved 
with both techniques, in agreement with other studies [34]. However, it 
was possible to use a much higher heating rate with MW hybrid heating 
(100 ◦C/min using MW versus 20 ◦C/min using conventional heating). 
Both in conventional and MW heating, increasing the heating rate 
resulted in a shift of the shrinkage curves toward higher temperatures. 
As a result, an increasing amount of the shrinkage took place during the 
sintering dwell and both the metakaolin transformation temperature 
and the temperature corresponding to the maximum densification rate 
increased with increasing heating rate (Figs. 3–4 and Table 1). In con
ventional heating, variations in the low heating rate range 
(1–20 ◦C/min, cycles 1–4 in Table 1) had no effect on final density, 
possibly because the chosen conditions were already close to the optimal 
sintering conditions. When comparing the same thermic cycle using 
conventional and microwave heating, a very similar response was ob
tained, with a slightly lower metakaolin transformation temperature 
using MW (973 versus 983 ◦C), in line with a recent study by Santos et al. 
[41]. 

Optimal densification of porcelain results from the balance of two 
opposing trends taking place in the later stages of densification: sinter
ing capillary forces and pressure from trapped gas inside the closing 
pores. If the optimal sintering conditions are overcome, bloating can 
occur, resulting in an increase of closed porosity. In agreement with the 
study by Manière et al. [36], bloating was observed in conventional 
sintering for one condition (Table 1, cycle 7). 

When using MW heating without susceptor, sample heating was 
difficult at temperatures <600 ◦C due to poor material-MW coupling, in 
agreement with previous studies [30]. This improved starting from 
600 ◦C (as a result of an increase in tangent loss) and from 800 ◦C it was 
possible to heat the sample at the targeted rate of 50 ◦C/min (Fig. 5b). 
The evolution of the powers vs temperature (Fig. 5e) shows a decrease of 
reflected power from 800 ◦C until the end of the thermal cycle. This can 
be related to an increase of loss tangent of porcelain from this temper
ature. Therefore, a direct MW/material interaction seems to occur from 
this temperature. This direct MW/material interaction is promoted once 
clay decomposition and removal of the chemically-bound water have 
been completed. However, it has to be noted that the MW experiments 
were carried out in a multimode cavity. In this type of cavity, the sample 
is surrounded by a quite high amount of materials constitutive of the 
sintering cell (i.e., the thermal insulators and the protective tube). The 
materials used inside a sintering cell are chosen for their transparency to 
microwaves. Nonetheless, previous authors showed that these insulating 

Fig. 6. High-magnification micrographs of the sintered samples using conventional (CV) and microwave (MW) sintering with and without (w/o) SiC susceptor. 
Different types of mullite are highlighted: white arrow for type I mullite, grey arrow for type II mullite and black arrow for type III mullite. Scale bar = 1 μm. 
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materials can become a microwave absorbent medium and act as a 
susceptor [42]. Therefore, in this study the MW heating without SiC 
cannot be really considered as a direct MW heating. A partial indirect 
heating by insulating materials cannot be excluded. Even if it was 
possible to heat without the SiC ring, a lower final density was obtained 
compared to samples sintered using the same thermal cycle with sus
ceptor. This attests the positive role of the susceptor for heat transfer for 
materials with low loss tangent [26]. Increasing the mass increased the 
proportion of absorbed power (Fig. 5f) but did not improve the final 
density of the samples sintered using MW heating without SiC. 

No major differences were observed in the samples macrostructure 
(pore amount and size, phases) among the selected conditions, which is 
possibly due to the fact that the sintering conditions were already close 
to the optimum (Suppl. Fig.1). On the other hand, changes were 
observed in sample microstructure, i.e. the type of mullite formed was 
affected by the thermal cycle, in agreement with the studies by Menezes 
et al. and Lerdprom et al. [30,31,34]. Type I mullite was formed at low 
heating rates and short dwell times, while an increase in heating rate 
and dwell time resulted in the formation of type II and III mullite 
(Fig. 6). This is in agreement with the fact that crystal growth is favored 
by a reduction in the viscosity of the remaining viscous phase [43]. 
Particularly, type III mullite was predominantly observed in the samples 
sintered without susceptor for 30 min, for which a strong temperature 
gradient can be expected. In another work, Sainz et al. have investigated 
the evolution of crystallite and crystal size as a function of sintering 
temperature [44]. Based on this work, it could be expected that changes 
in crystallite size would precede crystal size evolution. However, further 
analyses are required to confirm this hypothesis. 

The efficiency of microwave energy absorption depends on the 
dielectric properties of the material. The latter will change as its con
stituents undergo phase transformations during the heating ramp. In this 
study, the starting powders are composed of a mixture of quartz, feld
spar and kaolinite. Hence, selective heating can occur even at low 

temperatures due to differences in the dielectric properties of these 
components [30]. Given the compositional heterogeneity of this mate
rial, selective heating of some of the porcelain constituents may occur, 
however this seems to have only a minimal impact on the overall 
dielectric properties of the material at temperatures below ~1000 ◦C. 
The metakaolin transformation and the formation of mullite and 
amorphous amorphous silica glass are associated with a dramatic 
change of the microwave absorption properties of the material (i.e. 
marked decrease in dielectric losses). Based on previous studies, a high 
heating rate can be kept until metakaolin transformation, but a decrease 
of the heating rate above this temperature is beneficial to avoid tem
perature runaway [34]. 

Measurement of the temperature in the sample core is not trivial and 
can lead to differences of tens or even hundreds of degrees between the 
measured temperature on the sample surface and the temperature in the 
sample core [30,45]. Therefore, special care should be taken when 
comparing temperatures measured using different heating methods and 
different tools for temperature measurement. In particular, based on the 
work by Santos et al. [45], the temperature of the sample core might be 
(i) overestimated when using a thermocouple to assess the temperature 
of the air inside a furnace using conventional heating, especially in the 
case of large samples and (ii) underestimated when using a pyrometer to 
assess the temperature of the sample surface when using microwave 
heating (especially in the setup without susceptor). It should be noted 
that temperature gradients between core and surface are often observed 
when heating samples that do not absorb microwaves well. In the case of 
porcelain, gradients of hundreds of degrees between the core and the 
surface have been reported [30]. The temperature measured by the 
pyrometer on the sample surface corresponds to the lowest temperature. 
Moreover, the temperature measurement by pyrometry is dependent on 
the calibration of emissivity of the pyrometers. An error in the deter
mination of the emissivity cannot be excluded. Hence, the difference in 
metakaolin transformation temperature observed between conventional 

Fig. 7. X-ray diffractograms of a) porcelain green 
before (A) and after conventional sintering (B) and 
b) following different microwave thermal cycles: 
heating 20 ◦C/min, dwell 5 min (C), heating 50 ◦C/ 
min, dwell 5 min (D), heating 50 ◦C/min, dwell 30 
min (E), heating 100 ◦C/min, dwell 30 min (F), 
heating 50 ◦C/min, dwell 30 min (G). Cycles C–F 
were conducted with SiC susceptor, cycle G without 
SiC. In the insets, a detailed view of the 2θ = 25–28◦

region and references to the crystallographic data
sheets used for phase identification are provided. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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and microwave sintering can be related to the difference of temperature 
measurement (thermocouples vs pyrometers). The difference of tem
perature measured by the pyrometers between MW sintering with and 
without SiC can be related to the temperature gradients in the sample. 
The temperature associated with metakaolin transformation measured 
on the sample surface was likely overestimated in the thermal cycles 
without susceptor. 

The combination of 3D printing technologies with microwave sin
tering provides a fast method for the production of small series of 
samples, with minimal material waste and relatively low energy con
sumption for sintering. The duration of thermal treatments, and hence 
the production time and costs, can be strongly reduced by using mi
crowave heating [34]. In the present study, the heating rate was 
increased by a factor of 5 (from 20 to 100 ◦C/min) when using MW 
hybrid heating compared to conventional heating. The dwell duration 
was also reduced from 120 to 30 min, but further investigations would 
be required to assess more precisely the reduction in dwell duration 
using MW. 

A limitation of the present study is that while it provides an initial 
screening of the effect of the different parameters on the final density of 
robocast porcelain, a fine-tuning of the thermal cycle could be still 
performed (e.g. heating rate, dwell temperature and duration). Indeed, 
there is a general agreement that shorter dwells and sintering temper
atures are required with MW sintering compared to conventional sin
tering [34,41,46]. This is due to the specificities of the microwave 
heating mode (with intensification of the electric field at interparticle 
contact a possible explanation) [46]. Based on the study of Menezes 
et al., a dwell duration of 6–10 min could be sufficient [34]. Such 
thermal cycle development would have a deep technological impact in 
terms of reduction of production costs; however, such fine-tuning goes 
beyond the scope of this study. Another limitation of this study is the 
simple geometry and small size of the samples, which was due to tech
nical constraints (i.e. shrinkage analysis by dilatometry). Nonetheless, 
Santos et al. have already proven that MW heating can be successfully 
used to sinter series of larger objects, such as cups [35,41] and it would 
be interesting to test MW sintering on bigger and more complex robocast 
objects. 

As perspectives, a further optimization of the sintering cycle with 
susceptor could be envisioned in order to reduce the duration of the 
sintering process. For instance, as described by Menezes et al. [34], a 
two-step heating process could be considered, with an even higher 
heating rate until metakaolin transformation, followed by a lower 
heating rate to avoid the risk of temperature runaway. It should be noted 
that an optimization of the reactivity of the starting powders might be 
needed to achieve very high heating rates. Furthermore, MW sintering 
could be tested on more complex robocast geometries. This may require 
a stricter control of the temperature gradients inside the sample during 
the heating phase and a finer control of the cooling phase (especially 
near the quartz transformation temperature). 

5. Conclusions 

This study provides a proof-of-concept of the suitability of MW for 
the sintering of robocast porcelain samples. Using MW hybrid heating it 
is possible to achieve high heating rates (100 ◦C/min) and short dwell 
times (5–30 min), while preserving sample final density. The duration of 
the thermal cycle can be strongly reduced using hybrid MW compared to 
CV heating (~45 min versus ~180 min, excluding the cooling step). 
Without a suspector, heating of porcelain in a microwave cavity is 
possible but challenging and requires a long heating phase at low tem
peratures (<600 ◦C). Nonetheless, a heating rate of 50 ◦C/min can be 
followed from 800 ◦C without a susceptor and a good densification can 
be obtained when ending the thermal treatment with a relatively long 
dwell (30 min at 1300 ◦C). In conventional sintering, samples were less 
sensitive to variations in heating rate (range: 1–20 ◦C/min), when a long 
dwell (120 min) was performed at an adequate sintering temperature 

(1250 ◦C). While no major differences were observed in the macro
structure (i.e. percentage and size of residual pores, composition of the 
mineral phases) of the selected sintered samples, differences in the 
microstructure were found, namely in the type of mullite formed. The 
combination of robocasting and MW sintering holds promise for quick 
and minimal-waste production of prototypes, small series and custom
ized parts. 
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